The health risks of consuming drinking water with elevated arsenic content of geochemical origin by Dura, Gyula et al.
The health risks of consuming drinking water
with elevated arsenic content of geochemical origin
Gyula Dura*, Péter Rudnai, Mihály Kádár, Márta Vargha
National Institute of Environmental Health, Budapest, Hungary
High concentration of naturally-occurring arsenic in groundwater poses a significant risk to human
health if this water is a drinking water resource. Chronic arsenic ingestion has been linked mainly to skin
cancer, and a wide variety of non-cancer health impacts. Research conducted in Hungary shows that there is
an excessive risk of arsenic-related diseases in populations consuming water that exceeds the 10 micro-
gram/liter limit value. It is therefore important to understand the significance of reduction of arsenic concen-
tration in drinking water and the size of the exposed population.
Key words: arsenic, drinking water, geographic occurrence, health effects, toxicology, cancer risk, geo-
chemistry
Introduction
Arsenic (As) of geochemical origin can be found in drinking water on every conti-
nent. In surface waters its typical concentration is 1–2 micrograms/liter (µg/L) or be-
low. At the same time the groundwater of certain areas and in certain geologic strata
(aquifers) may show concentrations as high as 5–10,000 µg/L. The number of recog-
nized hydrogeologic areas with high arsenic concentrations has risen considerably
worldwide since the 1980s. Around 200 million people live in areas where the arsenic
concentration exceeds the drinking water guideline value. There are several such areas
in Europe as well. Some of the most prominent of these areas are the southern and
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southeastern parts of the Carpathian Basin, where the dense network of rivers have
built a series of thick and porous alluvial sedimentary units, or have been affected by
increased geothermal activities. Starting from the first decades of the 20th century, in
contrast to the shallow (typically 5–10 m deep) dug wells that were tapping the first
aquifer, deeper abstraction wells became the main sources of drinking water in these
areas in order to avoid surface-pollution, thus supporting the combat against infectious
diseases at that time. The arsenic concentration of these wells, depending on the layer,
were in the range of a few µg/L to 300 µg/L. The experts who first described the phe-
nomenon, Csanády et al. (1985) suggested that the arsenic originates from eroded min-
erals of the Ore Mountains of Transylvania. They could not find an answer as to why
dissolved As is present in higher concentration in certain aquifers and not in others.
According to Csalagovits (1999) the arsenic is adsorbed to the surface of iron hydrox-
ides in the Pleistocene-Holocene river sediment and is released under reducing geo-
chemical conditions. Fügedi et al. (2005) hypothesized that the rapid, drastic changes
of the redox and phase states in the glacial period could have contributed to the accu-
mulation of arsenic.
The National Institute of Public Health revealed in an enlarged study that more than
400,000 people consume drinking water with high arsenic concentrations in Hungary.
The World Health Organization (WHO) published its “International Standards for
Drinking Water” in 1958, which set the highest allowed arsenic concentration at
200 µg/L. This was later reduced to 50 µg/L which was kept as a temporary upper limit
value for decades. Based on human carcinogenicity concerns, the WHO reduced the
temporary limit value in 1993 to 10 µg/L which is still presently valid (DWQ 2011).
On the one hand the temporary designation of the limit value is due to the uncertainty
of the actual risks of the smaller concentrations – including uncertainties about the
mode of action and the extrapolation from the biological effects of the larger concen-
trations to the smaller concentrations. On the other hand the technical difficulties to en-
sure lower concentrations from a practical, water management standpoint make it im-
possible to suggest smaller values than that. The European Union adopted the WHO
Guidelines in its Council Directive 98/83/EC on the quality of water intended for hu-
man consumption, which made the 10 µg/L limit value mandatory for every Member
State, effective from 25 December 2003.
The first arsenic mitigation program began as early as 1983 in the Great Southern
Plain Region, and as a result, by 1998 almost everyone receiving water from the public
supply service had drinking water with arsenic concentrations below the 50 µg/L limit.
Reducing the limit value from 50 µg/L to 10 µg/L has resulted in a great increase in the
population that consumes drinking water with arsenic exceeding the new limit value –
despite tremendous efforts and developments. The increased arsenic intake resulting
from natural geochemical processes therefore became the focus of attention for a long
time.
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Methodology
Water quality data
Baseline water quality data were available from the arsenic survey initiated by the
National Institute for Environmental Health in 1981. The survey focused mainly on
the most affected Southern Great Plain region. Further information on a wider geo-
graphic scale was retrieved from the assessment under the National Environmental
Health Action Program in 1998, which extended to the entire country. In 2001, the
98/83/EC Directive on water for human consumption was transposed into the national
legislation by Government Decree 201/2001 (X.25). The Government Decree defined
a monitoring scheme, including arsenic as a mandatory measurement for all water
supplies, and set the parametric value. From 2001 the results of the water quality moni-
toring were included in the national water quality database, which was used to identify
affected areas. Population data was available from the Hungarian Central Statistical
Office.
Results
Population affected by drinking water exceeding the limit value
Population records estimates were used for defining the number of people consum-
ing drinking water above the limit value of the time in the 1980s. In the first survey, be-
ginning in 1981, approximately 80 municipalities were identified, mostly in Békés
County, where the arsenic content in the supplied water considerably exceeded the
50 µg/L concentration. Government Decree 201/2001 (X.25) enforced for all water
works the monitoring of every water quality parameter specified in the 98/83/EC Di-
rective on water for human consumption, including arsenic. Thanks to the regular
monitoring, additional cities that have drinking water with arsenic concentrations
above the limit value have been identified. The size of the exposed population ex-
ceeded 1.6 million in 2005 (Fig. 1). Thanks to subsequent investments improving wa-
ter quality, the number of residents consuming drinking water with high arsenic con-
tent declined steadily (Table 1).
The International Agency for Research on Cancer classifies inorganic arsenic com-
pounds as Group 1 proved human carcinogens (IARC 2004). Therefore, the results of
site-specific studies are especially important in determining the risk of arsenic expo-
sure through drinking water. A health risk assessment and molecular epidemiology
study (ASHRAM 2002), supported by the European Union Consortium, revealed that
in the four Hungarian counties (Bács-Kiskun, Békés, Csongrád, and Jász-Nagykun-
Szolnok) most affected by elevated arsenic concentration of drinking water, the esti-
mated risk of skin cancer grows at arsenic concentrations above 10 µg/L, taking into
account sunlight exposure as a confounder (Lindberg et al. 2006; Fletcher et al. 2008).
The total lifetime arsenic intake and lifetime-adjusted daily average doses were found
to be the actual health risk factors. The lifetime-adjusted average drinking water
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arsenic concentrations in the years 1989 and 2002–2004 were established as 36.9 µg/L
and 27.8 µg/L, respectively. The lifetime-adjusted daily average doses were 42.8 and
35.98 µg/day, respectively (Hough et al. 2010).
Excess cancer risk is calculated according to following formula:
Excess cancer risk = LADD × CSF
where
LADD = lifetime-adjusted average daily dose [µg/kg b.w./day]
CSF = carcinogenicity slope factor for arsenic 0.0015 [1/(µg/kg b.w./day)]
The excess cancer risk for the 1989 and 2002–2004 exposure levels, calculated
from the average values of the ASHRAM study, was 9/10000 exposed residents and
7.7/10,000, respectively (Table 2).
Discussion
The arsenic content in groundwater used as a drinking water source depends on the
geographic location and the depth of the abstraction wells. The frequency of non-com-
pliance is highest in the Hungarian Southern Great Plains and Southern Transdanubia,
though there are affected municipalities in almost every county. In the 1980s, the rec-
ommended guideline value was 50 µg/L for arsenic; thus the first attempts of drinking
water quality improvement aimed to reduce arsenic concentration below this level in
the supplied water of the identified municipalities. The majority of the suppliers re-
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Fig. 1
Number of people consumed piped drinking water with arsenic concentration above hygienic limit
solved the problem using a new water source or improved water treatment technology.
Through these means, by the mid-1990s, almost all supplies were compliant with the
50 µg/L limit value. The second large scale investment series began in 2007, under the
National Drinking Water Quality improvement program, and is expected to be com-
pleted in 2015. As a result, arsenic concentration will be below 10 µg/L in all supplies.
Without intervention, arsenic concentration is relatively stable in the supplied wa-
ter. Natural variation may occur if the wells draw groundwater from multiple aquifers
with different arsenic content. Suppliers with more wells also mix water from different
sources to achieve acceptable water quality. In general, dedicated water treatment
technology is necessary for arsenic removal. The most frequently applied technology
in Hungary is the combination of chemical oxidation to arsenate, followed by coagula-
tion/filtration or absorption on activated filters. Oxidation is performed with potas-
sium permanganate, ozone or active chlorine (gaseous chlorine or sodium hypo-
chlorite), though the latter might induce further problems of disinfectant byproduct
formation. Aluminum or ferric salts (sulfates or ferric chloride) are generally used as a
coagulant. Naturally-occurring iron in the raw water can also facilitate flocculation.
Filtration on sand filters, catalytic filters (e.g. manganese-oxide greensand, activated
aluminum-oxide or granulated ferric-hydroxide) or ultrafiltration are used to remove
the flocculated arsenate particles (EPA 2000).
Arsenic may be the only natural substance found worldwide in drinking water,
whose toxic nature has been known for thousands of years but in drinking water only
since the 20th century. It is often called the Poison of Kings and the King of Poison.
There is clear epidemiological evidence that it causes skin, bladder, kidney and lung
cancer.
It is not unusual that the majority of arsenic intake observations are concerned with
cases connected to drinking water: the arsenic content of drinking water is almost en-
tirely inorganic. The significance of inorganic arsenic consumption is much greater
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Table 2
Lifetime-adjusted average daily arsenic dose (µg/day) and excess cancer risk
LADD* (µg/day)
1989 2004
Bács county 29.9 17.5
Békés county 76.5 66.8
Csongrád county 27.8 37.2
Jász-Nagykun-Szolnok county 36.9 22.4
Average 42.8 35.98
LADD* (µg/kg b.w./day) 0.6111 0.5139
CSF** (1/(µg/kg b.w./day)) 0.0015
Excess risk [LADD*CSF] 9.17E-04 7.71E-04
* LADD lifetime-adjusted average daily dose (Hough et al. 2010)
** CSF slople factor of carcinogenicity (IRIS 2000)
than the total consumption of arsenic, since inorganic arsenic is much more dangerous
than its organic counterpart. According to a survey conducted by the European Food
Safety Authority (EFSA) that involved 19 countries (EFSA 2009), the arsenic burden
from drinking water and food of the average consumer is 0.13 – 0.56 µg/kg
body-weight/day. The differences within this range seem to be connected with the dif-
ferent food consumption habits. The database of the EFSA shows that the non-negligi-
ble quantity of the inorganic arsenic consumption of the average European consumer
comes from cereal products, coffee, beer, rice and rice products, vegetables, and ma-
rine fish. The often-mentioned consumption of marine fish and other seafood greatly
increases the total intake of arsenic, but it barely increases the intake of inorganic ar-
senic. The proportion (but not the amount) of inorganic arsenic is large, primarily in
meat and dairy products (75%), and in cereals and poultry meat (65%). The proportion
is small in fruits and vegetables and is barely detectable in seafood. Recent data sug-
gest that due to the higher arsenic content of certain baby foods, the consumption of ar-
senic is a potential risk factor for infants.
Both the pentavalent arsenates and trivalent arsenites, as well as the organic arsenic
compounds, are easily absorbed and get into almost every tissue. Distribution of me-
tabolites with different toxicity and half-life, and their excretion from the body, hap-
pen quickly: 60–95% of the absorbed arsenic leaves the body with the urine. A small
fraction of the consumed arsenic accumulates in the tissues with high keratin content,
from where it is cleared much more slowly: in about 6–12 months (ATSDR 2007).
Limited data are available on the beneficial, protective and essential properties of ar-
senic. Nevertheless, low doses of Arsenic (<2.0 µg/day) stimulated growth and meta-
morphosis of tadpoles. Arsenic deficiency has been observed in goats: signs include
low growth rate and reproductive performance was impaired. The use of phenyl-
arsonic feed additives to promote growth in poultry and swine and to treat specific par-
asitic diseases does not seem to constitute a hazard to the animal or to its consumers.
Arsenic effectively controls filariasis in cattle; it behaves more like a toxicant than as a
nutritionally essential element.
Inorganic arsenic does not only cause cancer in humans. Long-term consumption of
small concentrations can also play a role in causing several chronic non-cancerous dis-
eases, for example, cornification and skin pigmentation, cardiovascular diseases, mal-
function of the peripheral and central nervous system, disorders of liver and kidney,
and diabetes. The majority of the observations of the harmful effects of arsenic on hu-
mans were made on populations that consumed drinking water with relatively high ar-
senic concentrations. In case studies from Taiwan, Argentina, Chile, Bangladesh, and
mainland China, etc. the average arsenic concentration of drinking water was usually
well over 100 µg/L. Recent observations have also proven the harmful effects of
smaller concentrations in, for example, Finland and the United States (WHO 2009).
A notable peculiarity of the biologic effects of arsenic is that the adverse effects of
relatively small doses of arsenic exposure, especially tumors, always develop after a
long latency, often several decades. Such developments can even be expected long af-
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ter the exposure itself has ceased. Particular attention should be paid to arsenic expo-
sure in the earlier stages of life (during fetal development and in early childhood),
since newer data suggest there is greater sensitivity to the effects of arsenic during
these stages (Vahter 2008). Furthermore, the food and water intake related to body
weight is greater in childhood than in adulthood, which also increases the risks of ar-
senic exposure. Nothing blocks arsenic from getting through the placenta, where it
causes adverse pregnancy outcomes like abortion, stillbirth, premature birth
(Börzsönyi et al. 1992; Gulyás and Rudnai 1997). Infant mortality was proved to be
connected with the consumption of arsenic during pregnancy and the period following
breastfeeding. Moreover, according to new results, it is nutriments for children after
separation – especially the rice-based ones – that are a possible source of arsenic expo-
sure. At the same time, infants fed with breast-milk are safe from arsenic exposure as it
does not transfer through mother’s milk.
The brain and the nervous system are the most sensitive to arsenic in the immature
body, although this is mostly based on animal experiments as there are few available
epidemiological results. However, based on different studies conducted in Bangla-
desh, India, Mexico and Taiwan, it was proved beyond doubt that chronic arsenic con-
sumption in childhood has adverse effects on behavioral, intelligence, and nervous
system development (von Ehrenstein et al. 2007; Grandjean and Murata 2007).
Apart from the above, a new survey proves that suffering arsenic exposure during
the fetal stage or in early childhood greatly increases the risk of tumorous and
non-tumorous lung diseases in the later periods of childhood and in young adulthood
(Liaw et al. 2008). It was also demonstrated that these effects are made worse by mal-
nutrition, which makes arsenic exposure through drinking water especially dangerous
for children of families in a bad social state.
Despite the great number of studies, there is still some uncertainty about arsenic ex-
posure and cancer risk. The average arsenic concentration of 28 µg/L that was esti-
mated for the year 2003 in the studied Hungarian counties could result in an 771 × 10–6
increase in cancer risk, which is a lot higher than the “one in a million” probability that
is regarded as the golden standard. However, if we compare it to the probability of traf-
fic accidents, which is about 6 cases out of 10,000, then the calculated risk is similar to
the probability of serious injury through traffic accidents. It is also true, however, that
traffic risk is taken voluntary by everyone. Furthermore, the suspended particulate
matter of pollution of the air in big cities, the long-term exceeding of the PM10 limit
value, results in a similar number of excess deaths annually. The comparison of the
risks from different sources may certainly help the perception of risks, but cannot sub-
stitute preventive public health measures.
Conclusion
The natural occurrence of arsenic in drinking water exceeding the guideline value
makes risk management measures necessary, based both on the recommendations of
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international organizations (WHO, EU Commission, USA EPA) and the national reg-
ulation, which are based on unambiguous scientific evidence. Drinking water that con-
tains arsenic is especially dangerous to children as they consume more water in rela-
tion to their body weight. It is essential to operate monitoring of the potential exposure
of the population to arsenic. It is necessary to complete the national drinking water
quality improvement and arsenic removal program, providing a temporary supply of
safe drinking water, increasing surveillance, and maintaining enhanced monitoring of
drinking water quality. It is also important to inform the public, the municipalities and
the health and water-service organizations, since the arsenic content of water does not
influence its other household uses (cleaning, bathing, washing, etc.). The risk manage-
ment of such drinking water impacts, originating from natural geochemical processes,
requires close co-operation between public health experts, the authorities, the relevant
government and non-government agencies, water works, and, last but not least, the
public. Risk communication should also include the occasional public mistrust regard-
ing arsenic removal, since the process of generating safe and healthy drinking water
might also change its usual taste.
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